Histone methylation is known to dynamically regulate diverse developmental and physiological processes. Histone methyl marks are written by methyltransferases and erased by demethylases, and result in modification of chromatin structure to repress or activate transcription. However, little is known about how histone methylation may regulate defense mechanisms and flowering time in plants. Here we report characterization of JmjC DOMAIN-CONTAINING PROTEIN 27 (JMJ27), an Arabidopsis JHDM2 (JmjC domain-containing histone demethylase 2) family protein, which modulates defense against pathogens and flowering time. JMJ27 is a nuclear protein containing a zinc-finger motif and a catalytic JmjC domain with conserved Fe(II) and a-ketoglutarate binding sites, and displays H3K9me1/2 demethylase activity both in vitro and in vivo. JMJ27 is induced in response to virulent Pseudomonas syringae pathogens and is required for resistance against these pathogens. JMJ27 is a negative modulator of WRKY25 (a repressor of defense) and a positive modulator of several pathogenesis-related (PR) proteins. Additionally, loss of JMJ27 function leads to early flowering. JMJ27 negatively modulates the major flowering regulator CONSTANS (CO) and positively modulates FLOWERING LOCUS C (FLC). Taken together, our results indicate that JMJ27 functions as a histone demethylase to modulate both physiological (defense) and developmental (flowering time) processes in Arabidopsis.
INTRODUCTION
Plants are constantly exposed to microbes, and have evolved complex and multilayered defense strategies to prevent infections. They generally have two levels of active pathogen defense. The first level is activated by pathogenassociated molecular patterns (PAMPs), and is known as basal defense or PAMP-triggered immunity (PTI; GomezGomez and Boller, 2002; Nurnberger et al., 2004; Zipfel and Felix, 2005; Chisholm et al., 2006) . Many pathogens have evolved ways to suppress PTI, primarily through the secretion of effector proteins (known as virulence factors; Alfano and Collmer, 2004; Chisholm et al., 2006) . In response to these virulence factors, plants have evolved a class of resistance (R) genes that can detect the activity of bacterial effectors and induce a second (and much stronger) level of defense, called effector-triggered immunity (ETI). The key component of ETI is the activation of the hypersensitive response (HR), which triggers a number of responses including MAP kinase activation, rapid cross-linking of cell wall proteins, production of reactive oxygen species, accumulation of salicylic acid (SA), activation of pathogenesisrelated (PR) and other defense genes, and production of antimicrobial compounds (phytoalexins) that eventually lead to the death of both the infected host cell and the pathogen (Nimchuk et al., 2003; Chisholm et al., 2006) . Cell death resulting from HR or disease leads to the activation of systemic acquired resistance, a long-lasting and broadspectrum form of resistance characterized by elevated levels of SA and expression of PR genes in distal, uninfected tissues (Durrant and Dong, 2004) .
Plants often respond to biotic stress by altering flowering time, and defense-associated signaling pathways have been shown to be involved in regulating transition to flowering. A number of Arabidopsis mutants deficient in SA-associated defense, including sid2 (SA induction deficient 2) and eds5 (enhanced disease susceptibility 5), as well as the SA hyper-accumulation mutant siz1 (yeast SAP and MIZ1), show altered flowering phenotypes (Martinez et al., 2004; Jin et al., 2008; Wang et al., 2011) , suggesting that defense activation and flowering time might be co-regulated biological processes. The optimal timing of flowering is a critical factor in plant fitness, and is therefore under the influence of several distinct pathways that function to activate the transition to flowering only under favorable conditions. CONSTANS (CO), FLOWERING LOCUS C (FLC) and FRIGIDA (FRI) are primary regulators of flowering time, while FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) are major floral integrators in Arabidopsis (Andres and Coupland, 2012) . Such robust and cross-dependent interactions among the major coordinators of flowering time ensure that flowering of Arabidopsis is a well-orchestrated biological process.
Work done over the past two decades has greatly expanded our understanding of how plants recognize pathogens, activate defense responses and coordinate environmental signals to initiate flowering. Dissection of these responses using Arabidopsis mutants has led to the identification of many of the major genetic components of plant defense and flowering. However, a gap remains in our understanding of the fine-tuning and modulation of defense mechanisms and flowering that ensures that they occur at a minimal fitness cost to the whole plant. Studies in recent years have revealed a role for chromatin remodeling in plant defense and flowering, particularly those aspects of chromatin remodeling that involve modifications of histones that can either promote or repress gene expression (Tian et al., 2005; Butterbrodt et al., 2006; Mosher et al., 2006; Koornneef et al., 2008; van den Burg and Takken, 2009; Dhawan et al., 2009; Ding and Wang, 2015) .
There are two known families of histone demethylases in eukaryotes. The breakthrough discovery of lysine-specific demethylase 1 (LSD1, also known as KDM1 or KDM1A) provided the first evidence of a histone demethylase (Shi et al., 2004) . Four LSD1 homologs have been identified in Arabidopsis and rice (Jiang et al., 2007; Zhou and Hu, 2010) . FLOWERING LOCUS D (FLD) is an LSD1 homolog in Arabidopsis and has been shown to function as an activator of flowering by repressing a major flowering repressor FLC (He et al., 2003) . A second and much larger family of histone demethylases is characterized by the catalytic Jumonji C-terminal (JmjC) domain, which removes methyl groups via an Fe(II) and alpha-ketoglutarate-dependent mechanism. Twenty-one and 20 Jmj-domain containing proteins have been predicted for Arabidopsis and rice, respectively (Lu et al., 2008; Hong et al., 2009; Chen et al., 2011) . Members of this family have been shown to demethylate histones at H3K4, H3K9, H3K27 and H3K36, as well as H3R2 and H4R3 (Klose et al., 2006) . In addition to the Jumonji C domain, many JmjC family demethylases contain other domains such as JmjN, zinc-finger, tudor and PHD finger, which play a role in catalytic activity, chromatin targeting and interaction with other protein factors (Mosammaparast and Shi, 2010) . They have also been shown to fine-tune the expression of a large suite of response genes, as in the case of the animal histone demethylase Jmjd3 that modulates the inflammatory response to lipopolysaccharide (a PAMP in animals as well as in plants; De Santa et al., 2009) .
Plant JmjC proteins have been shown to play important roles in the modulation of epigenetic processes, growth, development and disease resistance. This raises the possibility that JmjC family histone demethylases may be nodal regulatory points that integrate and coordinate multiple mechanisms to ensure the best possible responses to external environmental cues. Here, we report the characterization of JMJ27, an Arabidopsis JmjC domain-containing protein that is an H3K9 demethylase. JMJ27 modulates both plant defense and flowering time, and might be involved in fine-tuning pathogen defense and flowering to maximize plant fitness.
RESULTS

JMJ27 is required for resistance against bacterial pathogens
In order to identify jumonji-domain-containing genes that might play a role in regulating defense against pathogens, we screened T-DNA insertion lines with insertion in the JmjC domain-containing genes for their response to virulent bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pst DC3000). T-DNA insertion lines were obtained from the Arabidopsis Biological Resource Center (ABRC, Columbus, OH, USA), and homozygous lines were identified by polymerase chain reaction (PCR) analysis of the genomic DNA using T-DNA-specific and gene-specific primers (see Experimental procedures). We identified T-DNA insertion lines of several genes that were compromised in resistance against Pst DC3000. Here, we report detailed characterization of JMJ27, also referred to as AtJMJ17, or At4g00990 (Lu et al., 2008) . JMJ27 is predicted to code for an 840-amino acid-long jumonji domain-containing protein, and belongs to a 21-member gene family (Lu et al., 2008) . Two T-DNA insertion lines, jmj27-1 (SALK_092672) and jmj27-2 (SALK_131899; Figure 1a ) were used in this analysis. T-DNA insertion sites were confirmed by sequencing ( Figure S1 ). Reverse transcription-PCR (RT-PCR) and reverse transcription-quantitative PCR (RT-qPCR) experiments did not detect any transcript in jmj27 mutants, suggesting that these mutants are null alleles ( Figure S1 ). No visible phenotypic differences were observed in the mutant lines as compared with the wild-type Col-0 (WT) except that the mutants flowered earlier than the WT (see below). To determine the growth of virulent bacterial pathogens in the jmj27 mutants, rosette leaves of 4-weekold jmj27-1, jmj27-2 and WT plants were syringe-inoculated with Pst DC3000. Both jmj27-1 and jmj27-2 developed more severe visible disease symptoms (Figure 1b ), and were approximately sevenfold more susceptible compared with the WT (Figure 1c) . Similar results were also obtained with P. syringae pv. maculicola ES4326 (Psm ES4326; Figure 1c) . These results show that JMJ27 is required for resistance against virulent P. syringae pathogens.
JMJ27 expression is induced in response to Pst DC3000 infection
In order to determine the expression of JMJ27 in response to pathogen infection, we syringe-inoculated 4-week old WT plants with the virulent strain Pst DC3000 and harvested rosette leaf tissue to test the expression of JMJ27 by RT-qPCR. We observed significant accumulation of JMJ27 transcript upon pathogen infection at 10 and 24 h post-inoculation (hpi; Figure 2a ). We also tested the expression of JMJ27 in several lesion mimic mutants. Lesion mimic mutants (dll1, acd2, hrl1, lsd1) constitutively express several defense-related genes at high levels, and display enhanced resistance against a variety of pathogens (Dietrich et al., 1994; Greenberg et al., 1994; Pilloff et al., 2002; Dutta et al., 2015) . JMJ27 expression was elevated in all tested lesion mimic mutants (Figure 2b) .
To further examine the temporal and spatial expression of JMJ27, we constructed transgenic plants expressing a JMJ27 promoter::GUS fusion. A sequence containing approximately 1850 bp immediately upstream of the JMJ27 translation start site was fused to the b-glucuronidase (GUS) reporter gene, and the construct was transformed into WT plants. GUS analysis was carried out at various stages of plant growth and in different organs. JMJ27 promoter activity was detected in 7-day-old seedlings, flowers and siliques (Figure 2c ). Very little GUS activity was detected in the root, stem or rosette leaves of 4-week-old plants, suggesting that JMJ27 is expressed at very low levels in these tissues. However, GUS activity was detected in rosette leaves in response to Pst DC3000 (Figure 2c ). This is consistent with its involvement in plant defense against bacterial pathogens.
JMJ27 is a nuclear protein
In order to investigate the subcellular localization of JMJ27, a reporter construct containing JMJ27 cDNA fused in-frame to GFP cDNA, and expressed from the constitutive 35S promoter (35S::JMJ27-GFP) was engineered. A transient expression assay was performed in which this construct was delivered into onion epidermal cells using a Biolistic PDS-1000/He Particle Delivery System. Empty vector (35S::GFP, modified from pMDC83; Curtis and Grossniklaus, 2003) was used as a control. The transformed epidermal peels were stained for 4 0 ,6-diamidino-2-phenylindole (DAPI) and visualized using filters for green fluorescent protein (GFP) and DAPI. Transformed cell nuclei showed overlapping GFP fluorescence and DAPI staining, indicating that JMJ27 localizes predominantly to the nucleus (Figure 2d ), which is consistent with the predicted function of this protein as a histone demethylase. We also noted weak localization to the cytoplasm. This is consistent with previous reports for Jmjd3, a histone H3K27me3 demethylase, which localizes primarily in the nucleus but to some extent in the cytoplasm as well, due to dynamic nucleocytoplasmic shuttling between the nucleus and the cytoplasm (Kamikawa and Donohoe, 2014). (b) Rosette leaves of 4-week-old plants were inoculated with Pst DC3000 at a titer of 5 9 10 5 cfu ml À1 and photographed after 3 days.
(c) Rosette leaves of 4-week-old plants were inoculated with Psm ES4326 or Pst DC3000 at a titer of 5 9 10 5 cfu ml À1 , and pathogen titer was determined at 0 and 3 dpi. Eight plants for each genotype were analyzed individually. Data are reported as mean bacterial count (cfu leaf per disc) AE SD. Asterisks indicate statistically significant differences (Student's t-test; **P < 0.01). This experiment was repeated two more times with similar results. Psm, Psm ES4326; Pst, Pst DC3000.
JMJ27 is a histone demethylase
JMJ27 is predicted to code for a JmjC domain-containing protein, and these proteins have been shown to play a role in demethylation of histones. Phylogenetic analyses of JmjC domain-containing proteins from Arabidopsis, rice and humans cluster JMJ27 with the JHDM2 group of JmjC domain-containing proteins (Lu et al., 2008; Sun and Zhou, 2008) . Human JHDM2A has been shown to demethylate H3K9me1 and H3K9me2 marks (Yamane et al., 2006) . Insilico analysis of JMJ27 indicated the presence of a zincfinger motif and a JmjC domain. The JmjC domain was found to contain conserved Fe(II) and a-ketoglutarate binding sites, known to be required for the catalytic activity of jumonji-domain-containing demethylases ( Figure 3a ). Therefore, we tested if JMJ27 has H3K9 demethylase activity. JMJ27 protein was purified as a JMJ27-MBP fusion protein from Escherichia coli cells, and tested for histone demethylase activity. Native histones were used in the demethylation assay, and demethylation of histones was assayed by Western blot analysis using antibodies specific to H3K9me1, H3K9me2 and H3K9me3 methyl marks. MBPtagged JMJ27 reduced levels of all three methyl marks; however, the rate of removal of the H3K9me3 mark was considerably slower compared with the removal of the H3K9me1 and H3K9me2 marks. Under our experimental conditions, H3K9me1 and H3K9me2 marks were removed by 5 h, whereas it took up to 16 h to remove H3K9me3 marks below detectable levels ( Figure 3b ). MBP alone showed no demethylase activity. JMJ27 demethylase activity required Fe(II) and a-ketoglutarate as cofactors, as excluding a-ketoglutarate from the reaction, as well as addition of EDTA (general metal chelating agent) or DFO (deferoxamine, an iron chelator) blocked the demethylation reaction ( Figure 3b ). This requirement for Fe(II) and a-ketoglutarate is consistent with all other JmjC family members that have been shown to have demethylase activity (Mosammaparast and Shi, 2010) . Heat-killed JMJ27 lost all three demethylase activities, suggesting that JMJ27 is a heat-labile enzyme. Together these results suggest that JMJ27 demethylates H3K9 methyl marks, and at least in vitro the rate of removal of mono-and dimethyl marks is significantly higher than that of the trimethyl mark. We also analyzed the ability of JMJ27 to remove a panel of additional histone marks including methyl marks on H3K4, H3K27, H3K36, H3R2 and H4R3. JMJ27 did not demethylate any of these methyl marks, suggesting that JMJ27 is relatively specific towards H3K9 (Figure 3c ). Further, we analyzed demethylase activity of JMJ27 in vivo. Histone-enriched fractions were isolated from 4-week-old WT and jmj27 mutant plants, and levels of H3K9me1, H3K9me2 and H3K9me3 marks were assayed by Western blot analysis. H3K9me1 and H3K9me2 marks were significantly more abundant in the jmj27 mutants compared with the WT, indicating in vivo demethylation by JMJ27 to be a predominant mediator of demethylation (in spite of other demethylases) across a large repertoire of the genome-wide H3K9 methyl marks (Figure 3d ). Taken together, our results demonstrate that JMJ27 has H3K9 demethylase activity; under both in vitro and in vivo assay conditions.
Expression of PR genes is compromised in jmj27 mutants
In order to understand the molecular mechanisms by which JMJ27 regulates pathogen defense, we analyzed the expression of several PR genes in jmj27 mutants. These genes are induced in response to pathogen infection, and induction of many of these genes has been correlated with the activation of defense (Spoel and Dong, 2012) . WT, jmj27-1 and jmj27-2 plants were inoculated with Pst DC3000, and tissue samples were collected 10 and 24 hpi. Transcript levels were determined by RT-qPCR. Expression of all tested PR genes except PR2 was compromised fourfivefold in jmj27 mutants (Figures 4a, and S2a and b) . These results suggest that induction of PR1, PR3, PR4 and PR5 in response to pathogen infection is regulated through JMJ27.
JMJ27 negatively modulates expression of WRKY genes
In order to determine if JMJ27 regulates any of the WRKY genes, we analyzed the expression of a panel of WRKY genes (WRKY3, WRKY4, WRKY18, WRKY22, WRKY25, WRKY26, WRKY33, WRKY38, WRKY40, WRKY41, WRKY62 and WRKY63) in jmj27-1 and jmj27-2 mutants in response to Pst DC3000. Many of these WRKY proteins have been shown to positively or negatively regulate defense against P. syringae, and some have been shown to regulate other stress responses (Zheng et al., 2006 (Zheng et al., , 2007 Higashi et al., 2008; Kim et al., 2008; Lai et al., 2008; Chen et al., 2010; Li et al., 2011; Chi et al., 2013; Hsu et al., 2013; Van Aken et al., 2013) . In response to Pst DC3000, transcript levels of WRKY25 were significantly elevated in jmj27 mutants (Figure 4b) . In fact, expression of WRKY25 was elevated in jmj27 mutants even at 0 hpi ( Figure S2a ), suggesting that JMJ27 suppresses WRKY25 expression in WT plants. Additionally, the transcript levels of WRKY26, WRKY33 and WRKY63 were moderately elevated in jmj27 mutants compared with WT plants (Figure 4b ). Enhanced expression of these genes in jmj27 mutants may explain the compromised resistance of jmj27 plants, given the reported role of WRKY25 and WRKY33 as negative regulators of pathogen defense (Zheng et al., 2006 (Zheng et al., , 2007 . Taken together, our results suggest that JMJ27 positively regulates defense against P. syringae in Arabidopsis by suppressing the expression of WRKY genes that negatively regulate defense.
Loss of JMJ27 function leads to hypermethylation of histones (H3) at PR1 and WRKY25 promoters
To determine if JMJ27 regulates the expression of defense genes by regulating histone methylation, we examined H3K9 di-methylation status at the promoters of PR1, WRKY25 and WRKY22 genes in jmj27 and WT plants using chromatin immunoprecipitation (ChIP) assays. WRKY22 was used as a negative control because JMJ27 does not regulate its expression in response to Pst DC3000 (Figure 4b) . For the PR1 promoter, we analyzed methylation at three different loci designated as P1, P2 and P3 (Figure 4c ). We found that the levels of H3K9me2 at P2 and P3 loci were significantly higher in jmj27 mutants as compared with the WT. Both these loci overlap with the W-boxes (binding site of the WRKY transcription factors) in the PR1 promoter. However, methylation levels at the P1 locus in jmj27 mutants were not significantly different from the WT (Figures 4d and S3 ). Our results suggest that methylation status of histones close to the translation start site or at transcription factor-binding sites might play a significant role in regulating expression of PR1 in response to Pst DC3000. For the WRKY25 promoter, we analyzed methylation status at the P1 and P2 loci (Figure 4c ). Both these loci overlap with W-boxes in the promoter of WRKY25. Our ChIP assay revealed enhanced levels of H3K9me2 at the P1 locus in the jmj27 mutants as compared with the WT plants. However, no significant difference was observed at the P2 locus (Figures 4d and S3 ). These results suggest that the methylation status of histones at the W-box that overlaps with the P1 locus but not with the P2 locus may have a role in regulation of WRKY25 in response to Pst DC3000. This is similar to a previous finding that indicates the requirement of a subset of three W-boxes within the promoter of WRKY33 for efficient pathogen-triggered induction of the WRKY33 gene (Lippok et al., 2007) . We also analyzed the methylation state of P1 locus in the WRKY22 promoter in jmj27 mutants; however, we did not find any significant difference in the methylation state of this site in jmj27 mutants compared with the WT plants ( Figure 4d ). This is consistent with the observation that JMJ27 does not regulate expression of WRKY22 in response to Pst DC3000 (Figure 4b ). Taken together, the results of our RT-qPCR and ChIP experiments suggest that JMJ27 most likely modulates expression of regulatory genes such as WRKY25 and pathogenesis-related genes such as PR1 by modulating H3K9 methylation levels at the promoters of these genes. Because we used antibodies (a) Transcript accumulation of the indicated PR genes in wild-type (WT) and jmj27 mutant plants upon inoculation with Pst DC3000 was quantified by reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) at 10 and 24 hpi. Relative RNA levels are shown as mean AE SEM of two biological replicates. Each biological replicate consists of RNA from three plants. The significance of the grouped results was calculated using Student's t-test; **P < 0.001. (b) Transcript accumulation of the indicated WRKY genes in WT and jmj27 mutant plants upon inoculation with Pst DC3000 was quantified by RT-qPCR at 10 hpi. Relative RNA levels are shown as mean AE SEM of two biological replicates. Each biological replicate consists of RNA from three plants. The significance of grouped results was calculated using Student's t-test; *P < 0.01 and **P < 0.001. (c) A schematic of loci showing the location of the chromatin immunoprecipitation (ChIP)-qPCR primers used in this study. Location of W boxes is indicated by asterisks.
(d) Analysis of H3K9me2 levels by ChIP-qPCR on PR1 and WRKY25 loci in response to Pst DC3000 in jmj27 mutants and WT plants. PR1-P1 primers were used as controls. The data were normalized with ACTIN and are shown as relative to the input as the mean AE SEM of three independent biological replicates. Each biological replicate is the average of three experimental replicates. The significance of grouped results was calculated using Student's t-test; *P < 0.01 and **P < 0.001.
against H3K9me2 and not JMJ27, we cannot distinguish if the changes in methylation levels are a result of direct binding of JMJ27 at these loci or are modulated indirectly via another H3K9me2 demethylase. In addition, the possibility that JMJ27 may alter gene expression independent of its demethylase activity cannot be excluded. 
Nonetheless, our results clearly demonstrate that JMJ27 directly or indirectly alters H3K9 methylation levels at these loci.
Loss of JMJ27 function causes early flowering
In order to explore the role of JMJ27 in regulating flowering time, jmj27-1 and jmj27-2 mutants were grown in different photoperiod conditions. jmj27 mutants flowered significantly earlier than the WT in short day photoperiods [SD1 (10 h light/14 h dark), SD2 (8 h light/16 h dark)]. jmj27 mutants also flowered earlier in the long day photoperiod [LD2 (12 h light/12 h dark)], although the difference was not as pronounced ( Figure 5a ). We determined FT 50 (number of days taken to flower by 50% of the population) for jmj27-1, jmj27-2 and WT plants. For jmj27 mutants, FT 50 was reduced by 10 (SD1), 16 (SD2), 1 (LD1-16 h light/8 h dark) and 2 (LD2) days compared with the WT under different photoperiod lengths (Figure 5b ). The early flowering phenotype of jmj27 mutants was also apparent by fewer leaves in jmj27 mutants compared with the WT at the time of flowering (Figure 5c ). Given that jmj27 mutants flowered earlier in short day conditions compared with the long day conditions, it suggests that they at least partially retain the photoperiod response. No other growth or developmental defects were observed in any photoperiod examined. As the early flowering phenotype was most pronounced during short day photoperiods, JMJ27 appears to suppress flowering in Arabidopsis, primarily during short day (noninductive) photoperiod conditions. regulate flowering time by regulating expression of these genes, jmj27 mutant and WT plants were grown in short day conditions, and transcript levels for these genes were determined at 14, 19 and 21 days after sowing (DAS). We found that transcript levels of CO (photoperiod pathway), FT and SOC1 (floral integrators) were elevated, and that of FLC (autonomous and vernalization pathways) was suppressed in these plants compared with the WT plants in SD2 but not in LD1 photoperiod conditions (Figures 6a, and S4a and b) . This is consistent with the previous report that overexpression of CO leads to early flowering . As SOC1 and FT have been shown to be activated by CO and repressed by FLC (Hepworth et al., 2002) , de-repression of SOC1 and FT may be due to the cumulative effects of increased CO and reduced FLC levels in jmj27 plants. No genes is not due to difference in JMJ27 levels during LD versus SD growth conditions ( Figure S4c ). Together, our results suggest that JMJ27 regulates flowering time by regulating both photoperiod and autonomous/vernalization flowering time signaling pathways.
JMJ27 modulates histone methylation of major flowering time genes
In order to determine if JMJ27 removes methyl marks from the histones of major flowering time genes, we examined H3K9me2 status at the promoters of FLC, CO and FT genes of jmj27 and WT plants using ChIP assay. For the FLC promoter, we analyzed methylation at two different loci designated as P1 and P2 (Figure 6b ). We found significantly enhanced levels of H3K9me2 at both the P1 and P2 loci in jmj27 mutants as compared with the WT (Figures 6c and  S5 ). For the CO promoter, we analyzed methylation at the P2 locus, and observed significantly heightened methylation in jmj27 mutants as compared with the WT (Figure 6c) . Interestingly, no significant difference was observed at the FT locus in jmj27 mutants compared with the WT, indicating that JMJ27 does not modulate H3K9me2 levels at this locus. These loci have been previously shown to be targets of other chromatin modifying enzymes (Jiang et al., 2007 (Jiang et al., , 2008 Cao et al., 2008; Ito et al., 2012) . These results suggest that JMJ27 negatively regulates flowering at least in part by directly or indirectly removing H3K9 methyl marks from the histones of the promoters of major flowering time genes, in both photoperiod and autonomous pathways. The possibility that JMJ27 may alter gene expression independent of its demethylase activity cannot be excluded.
DISCUSSION
Chromatin remodeling has emerged as a key mechanism of gene regulation in response to both environmental and developmental cues. Here, we report the characterization of JMJ27, a JmjC domain-containing histone demethylase of Arabidopsis. We show that JMJ27 is involved in regulating both defense against pathogens and flowering time. Several lines of evidence indicate a role for JMJ27 in regulating defense against bacterial pathogens. Further, jmj27 mutant plants flower early compared with the WT plants, suggesting its role in regulating flowering time. JMJ27 has been classified as a member of a jumonji domain-containing class of proteins (Lu et al., 2008; Mosammaparast and Shi, 2010) , and was found to cluster with the HsJHDM2 class of histone demethylases (Yamane et al., 2006; Lu et al., 2008) . Our results indicate that JMJ27 demethylates H3K9me1, H3K9me2 and H3K9me3 based on in vitro and in vivo assays; however, the removal of me1/2 on H3K9 was found to be considerably more efficient than the removal of the me3 mark (at least in vitro). This suggests that not only does JMJ27 coordinate regulation of gene expression by removal of all three methyl marks, but may also incorporate another layer of regulatory complexity by demethylating at different rates. It would be interesting to determine whether the removal of these different methyl marks occurs at the same sites or at different sites, and whether the slower removal of the H3K9me3 mark is a rate-limiting step towards removal of the H3K9me1/2 marks at the same site. Additionally, our in vivo determination of demethylation activity across all three methyl marks shows that JMJ27 acts on a large repertoire of the total genomic H3K9 me1/2 marks, indicating regulation of a large fraction of the genome.
Our spatial and temporal analysis of JMJ27 expression using JMJ27 promoter::GUS constructs suggests that in addition to regulating pathogen defense, JMJ27 might also be involved in fine-tuning plant growth and development. One of the first characterized rice H3K9 histone demethylases, OsJMJ706 (a rice homolog of IBM1), also regulates floral organ development (Sun and Zhou, 2008) . More recently, Se14 (Os03g0151300), a JMJ H3K4-demethylase, has also been shown to regulate flowering in rice (Yokoo et al., 2014) . Moreover, rice JMJ704 (H3K4me2/3) and JMJ705 (H3K27me3) histone demethylases are required for disease resistance against Xanthomonas oryzae Hou et al., 2015) . As several of the other characterized jumonji-family demethylases have been shown to regulate flowering time and the circadian clock, JMJ27 also appears to have dual roles in the regulation of both pathogen defense and flowering time.
In order to understand the molecular mechanisms by which JMJ27 might regulate pathogen defense, we analyzed the expression of a variety of PR and WRKY genes in jmj27 mutants in response to Pst DC3000. Expression of PR genes was compromised in jmj27 mutants, while that of several WRKY genes was elevated, especially WRKY25. WRKY transcription factors have been shown to be involved in regulating expression of several defense genes (Pandey and Somssich, 2009) and, further, WRKY25 has been reported to negatively regulate SA-mediated defense responses against P. syringae (Zheng et al., 2007) . Additionally, studies indicate that plants overexpressing WRKY25 and WRKY33 are compromised in resistance against bacterial pathogens (Zheng et al., 2006 (Zheng et al., , 2007 . Consistent with these reports, elevated expression of WRKY25 and WRKY33 in jmj27 mutants may explain the compromised resistance of jmj27 plants against Pst DC3000. Interestingly, wrky25 wrky26 wrky33 triple mutants are compromised in thermotolerance, and constitutive expression of WRKY25, WRKY26 or WRKY33 enhanced tolerance to heat stress (Li et al., 2011) . These results suggest that these WRKY proteins play overlapping and synergetic roles in regulating a variety of biotic and abiotic stresses. Our ChIP analysis revealed that PR1 and WRKY25 promoters are hypermethylated in jmj27 mutants. Together, these results suggest that JMJ27 regulates pathogen defense at least in part by directly or indirectly controlling methylation levels of H3K9 histones of both pathogenesis-related and regulatory genes such as PR1 and WRKY25, respectively.
We found that jmj27 mutants flower earlier than WT plants, especially under short day conditions. This suggests that JMJ27 is a negative regulator of flowering in Arabidopsis, primarily during non-inductive photoperiod conditions. To better understand the mechanistic role of JMJ27 in regulation of flowering time, JMJ27 demethylase activity was studied in vivo by examining the level of H3K9me2 on FLC and CO chromatin. We found that JMJ27 directly or indirectly regulates H3K9me2 marks at both of these loci to repress flowering. Previously, histone modifications have been shown to play an important role in transcriptional regulation of FLC (He and Amasino, 2005; Cao et al., 2008; Kim et al., 2009; Liu et al., 2010) , which regulates vernalization in Arabidopsis Amasino, 1999, 2001) . After vernalization, enrichment of both H3K27 and H3K9 histone modifications have been reported at the FLC locus (Bastow et al., 2004; Sung and Amasino, 2004) . Here, we show that in jmj27 mutants, H3K9me2 marks are enhanced at both FLC and CO loci. Consistent with this observation, the expression of FT and SOC1, two downstream targets of FLC, is increased in jmj27 mutants. Thus, our results strongly suggest that JMJ27 activates the expression of FLC and suppresses the expression of FT and SOC1, to repress flowering in Arabidopsis. It will be interesting to further explore how JMJ27 and other histone methyltransferases and demethylases cooperate to regulate H3K9 methylation level at the FLC locus in order to ensure reproductive success. Additionally, we have observed that wrky25 mutants are delayed in flowering and overexpression of WRKY25 has been reported to promote flowering (Li et al., 2011) , suggesting that JMJ27 might also regulate flowering through WRKY25.
H3K9me2 is a repressive mark and consequently JMJ27, which removes H3K9me2 and H3K9me1 marks, activates transcription. However, in this study we observed that in jmj27 mutants, some genes, such as PR1 and FLC, are downregulated while others, such as WRKY25 and CO, are upregulated. This suggests that in addition to activating transcription by directly removing H3K9me2 repression mark, JMJ27 indirectly suppresses gene expression by an unknown mechanism. At this time, it is not known which JMJ27-regulated mechanism is involved in suppressing genes such as WRKY25 and CO. Some of the possible mechanisms could be as follows. (i) Similar to JMJ27, IBM1, another Arabidopsis JmjC H3K9me1/2 demethylase, has been shown to activate and suppress different subsets of Arabidopsis genes. IBM1 activates transcription of target genes by removing suppressive H3K9 methyl marks. In addition, IBM1 suppresses another set of genes indirectly by regulating non-CG DNA methylation and RdDM-directed repression (Fan et al., 2012) . It is possible that JMJ27 also negatively regulates expression of genes such as WRKY25 and CO through DNA methylation. (ii) JMJ27 might suppress and activate expression of different sets of genes based on their chromosomal context and local chromatin environment. This type of differential regulation has been reported for two histone methyltransferases SETDB1 and Su(var)3-9 that mediate H3K9 methylation marks in Drosophila (Lundberg et al., 2013) . (iii) JMJ27 might regulate the expression of negative regulator(s), which in turn suppress the expression of genes such as CO and WRKY25. Finally, the possibility that JMJ27 may alter gene expression independent of its demethylase activity cannot be excluded.
Collectively, our findings reveal that JMJ27 regulates expression of both flowering and defense genes in Arabidopsis (Figure 7 ). It would be interesting to not only identify downstream target genes regulated by JMJ27 demethylation activity, but to also identify physiological signals that regulate JMJ27 activity. Identification of such signals might allow us to identify master regulators modulating the chromatin state in different environmental contexts to regulate plant development and stress responses.
EXPERIMENTAL PROCEDURES Plant growth and pathogen inoculations
Growth of Arabidopsis plants and bacterial pathogens, plant inoculations and in planta pathogen growth assays was performed essentially as described previously . For pathogen growth assay, bacterial pathogens were grown at 28°C on King's B agar plates or in liquid medium (King et al., 1954) supplemented with 100 lg ml À1 rifampicin and 25 lg ml À1 kanamycin. Bacterial cultures were prepared by resuspending the overnight grown cells in 10 mM MgCl 2 to a titer of 5 9 10 5 cfu ml
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). The bacterial suspension was pressure-infiltrated on the abaxial side of the leaves using a 1-ml syringe. For each genotype, eight plants were analyzed individually. Three leaf discs (0.5 cm in diameter) from each plant were collected at indicated times and placed in 1 ml of 10 mM MgCl 2 in a microfuge tube. Tubes were shaken at 200 rpm for 1 h. Serial dilutions were plated on King's B agar plates supplemented with appropriate antibiotics. Plates were incubated at 28°C for 2 days to determine the number of colony-forming units.
Analysis of jmj27 insertional mutants
T-DNA insertion lines jmj27-1 (SALK_092672) and jmj27-2 (SALK_131899) were obtained from the SALK T-DNA collection at ABRC (Alonso et al., 2003) . The homozygous T-DNA insertion lines were identified by using gene-specific and T-DNA primers listed in Table S1 . Amplified PCR products were sequenced to determine the site of insertion of T-DNA.
Flowering time analysis
For flowering time experiments, plants were grown in inductive photoperiods/LD (LD1, 16 h light/8 h dark; LD2, 12 h light/12 h dark) and non-inductive photoperiods/SD (SD1, 10 h light/14 h dark; SD2, 8 h light/16 h dark). Flowering time analysis was performed as described previously (Choudhary et al., 2015) .
RT-PCR and RT-qPCR analysis
Tissue samples were collected from soil-grown plants and were flash-frozen in liquid nitrogen. Total RNA was used for RT-PCR and RT-qPCR analysis as described in Method S1.
ChIP assay
For flowering ChIP experiments, tissue samples were harvested from 20-day-old WT and jmj27 mutant plants grown in SD light condition. For defense ChIP experiments, 4-week-old WT and jmj27 mutants were inoculated with Pst DC3000 and tissue was harvested at indicated times. Tissue samples were processed and analyzed as described in Method S2.
Construction of JMJ27-GFP fusion constructs and GFP imaging
Full-length JMJ27 cDNA was amplified with Platinum Taq High Fidelity DNA Polymerase (Invitrogen, Carlsbad, CA, USA), from U18997 SSP pUNI clone (ABRC) as template using primers listed in Table S1 , and was cloned in pCR8⁄GW⁄TOPO TA cloning vector (Invitrogen). The sequence of the amplified product was compared with the mRNA sequences available in the public databases to confirm that correct full-length cDNA was amplified. JMJ27-GFP C-terminus fusion was constructed by cloning JMJ27 cDNA in the gateway system pMDC83 vector (ABRC; Curtis and Grossniklaus, 2003) downstream of the 35S promoter. The fusion plasmid (JMJ27-GFP) was coated on the gold particles, and transient expression assays in onion epidermal peels were performed essentially as described previously (Raina et al., 1993) , except that 1.0 lm gold microcarriers were used instead of tungsten microcarriers. The transformed cells were treated with DAPI, and expression of the JMJ27 fusion protein was observed using the Olympus BX60 microscope under GFP and DAPI filters (Olympus Corporation of the Americas, Waltham, MA, USA).
Construction and analysis of JMJ27 promoter::GUS transgenic plants
The JMJ27 promoter was isolated as an 1843-bp fragment upstream of the translation start site of JMJ27 by PCR of the genomic DNA using forward and reverse primers listed in Table S1 . Amplified product was cloned in pCR8⁄GW⁄TOPO TA cloning vector (Invitrogen), and sequenced to confirm the sequence of the amplified product. The promoter was cloned upstream of the GUS gene in the gateway system pMDC163 vector (ABRC; Curtis and Grossniklaus, 2003) to create a transcriptional fusion JMJ27 promoter::GUS. This construct was introduced into WT plants, and transgenic plants were identified and analyzed as described earlier (Jagadeeswaran et al., 2007) .
JMJ27 expression and histone demethylation assay JMJ27 cDNA was amplified from pUni Clone U18997 obtained from ABRC and ligated into the pMBP parallel vector (Sheffield et al., 1999) . Recombinant proteins were expressed and purified form the E. coli cells and used in the histone demethylase assay as described in Method S3.
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